INTRODUCTION

Ubiquinone (UQ)
1 is an essential electron carrier in the respiratory chain of all eukaryotes and most prokaryotes. The early steps in UQ biosynthesis differ between eukaryotes and prokaryotes but then converge for the last four steps (reviewed in (1, 2) ).
These later steps utilize precursors that are identical apart from the length of the isoprenoid side chain, which varies according to organism. In yeast, COQ7 has been shown to be required for the hydroxylation of 5-demethoxyubiquinone (DMQ) to 5-hydroxyubiquinone at the penultimate step in the biosynthesis of UQ (3) (Fig. 1) . UQ biosynthesis can be restored in COQ7 null mutants of Saccharomyces cerevisiae by complementation with rat COQ7 (4), human COQ7 (5) or Caenorhabditis elegans clk-1 (6) . Orthologues of Coq7 (clk-1) are widely found among eukaryotes (7) , and have been identified in a few prokaryotes including Rickettsia prowazekii (8) .
In S. cerevisiae, a point mutation within the COQ7 gene disrupts UQ synthesis resulting in a petite (non-respiring) phenotype and accumulation of the UQ precursor, DMQ (3) . In contrast, a deletion in the COQ7 gene causes accumulation of an earlier compound in the biosynthetic pathway, suggesting a possible regulatory or structural role of COQ7 in UQ biosynthesis (2) . Disruption of the homologous gene (clk-1) in the more complex organism, C. elegans, results in an extended lifespan, a slowdown of developmental processes, and a slowing of a number of rhythmic adult behaviors (6, 9) . Since there is no apparent effect upon elegans clk-1 mutant does not synthesize UQ, but instead depends upon UQ from a dietary source (10) . In addition, Miyadera et al. (11) have found an accumulation of DMQ in the mitochondrial membrane in the clk-1 mutant, and have shown that it is redox-active and may be able to compensate for some of the respiratory functions of UQ (11) . These studies show that the striking pleiotropic effect of the clk-1 mutation is due to the absence of UQ biosynthesis.
However, the question still remains as to whether COQ7/clk-1 encodes the hydroxylase itself. The small size of this integral membrane protein (187 amino acids in C.
elegans) and the lack of readily identifiable sequence homology to other known hydroxylases has led some workers to propose that COQ7 may instead encode a structural or regulatory component of the hydroxylation process (11) . The two genes were cloned into pUNI-10 in order to take advantage of the versatility of the Univector in vitro recombination system for rapid subcloning into a variety of expression plasmids (13) . The expression vector pHB-MALc2M is derived from a lowexpressing mutant of pMALc2 (New England Biolabs, Beverly, MA, USA), pMALc2M, which was converted into a host expression vector by inserting a Cre-lox recombination site in LB with 0.5% glucose and harvested at an OD 600 of 0.5-1.0. Ampicillin (60 µg/ml) was added to the medium as required.
Quinone extraction and Analysis -2 ml of E. coli suspension in 0.15 M NaCl (OD 600 of [4] [5] [6] was extracted with 18 ml of methanol and 12 ml of petroleum-ether (b.p. 40-60°C) (19) .
After phase separation, the upper phase was evaporated under nitrogen and the lipid residue by a linear increase of solvent B to 50% within 25 min, using a flow rate of 1 ml/min. When UQ8 and DMQ8 were collected for analysis by mass spectrometry, LiClO 4 was omitted and the absorption of the eluate was monitored at 210 nm. The collected quinones were dried under nitrogen and dissolved in methanol:hexane (19:1) for direct inlet introduction to the mass spectrometer (Quattro Ultima Micromass, Manchester, UK). The instrument was calibrated with CsI and the electrospray ionization spectra were detected in negative mode.
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Sequence alignments and Modeling-Bacterioferritin from E.coli and Coq7 from P.
aeruginosa (accession number: AAG04044) and a third sequence that is suggested to be a bacterioferritin in P. aeruginosa (accession number: AAG08265) were aligned using ClustalW (18) and then manually adjusted. The alignment was used to thread the P.
aeruginosa Coq7 sequence (residues 46-60, 62-121, and 131-195) upon the coordinates of the bacterioferritin structure (19) using Swiss Pdb Viewer (20) . DMQ was docked to the model manually.
RESULTS AND DISCUSSION
Identification of Coq7 as a di-iron carboxylate protein-A number of databases were
searched for the di-iron protein motif E < X n1 > EXXH < X n2 > E < X n3 > EXXH (where "X"
indicates any amino acid and "n" a variable number of residues). This yielded several groups of homologous proteins in addition to the subject of this study, the Coq7 homologues.
Besides the annotated proteins, further searches uncovered many examples of sequences encoding protein homologous to Coq7 among the proteobacteria, including P. aeruginosa, and T. ferrooxidans. Partial sequences for Coq7 in the eukaryotic Trypanosoma brucei and the red alga Porphyra yezoensis were also found. An alignment of six representative Coq7 proteins is shown in Fig. 2 . A total of fifteen amino acids are completely conserved, including the four Glu and two His that are predicted to be ligands to a di-iron center (marked with stars in Fig. 2. ). Other members of the di-iron carboxylate protein family (reviewed in (21)), which all share this iron-binding motif, include the ribonucleotide reductase subunit R2 (RNR), the hydroxylase subunit of methane monooxygenase (MMO), toluene monooxygenase, the acyl carrier protein ∆ 9 fatty acid desaturase, rubrerythrin, bacterioferritin, the mitochondrial alternative oxidase (AOX) (22) , and the plastid terminal (plastoquinol) oxidase (PTOX) (23) . These enzymes catalyze diverse reactions, but among coli (12) (Fig. 1) . UbiF has strong homology to E. coli UbiE and yeast Coq6, both of which are involved in a previous hydroxylation step in UQ biosynthesis and are predicted from sequence motifs to be flavin-containing monooxygenases (2,12). As ubiF -E. coli contains an anaerobic hydroxylase activity that can bypass the ubiF lesion in UQ biosynthesis (24) , care was taken to maintain the cultures in an aerobic condition by using small volumes in shake flasks and harvesting the cells well before stationary phase.
The results of the complementation assay on agar plates are shown in (Fig 3A) .
On the other hand, ubiF -E. coli expressing the MBP-fusion of P. aeruginosa Coq7 shows a loss of the 16.3 minute peak concomitant with the appearance of a peak at 18.2 minutes ( Fig   3C) . Upon mass spectral analysis, the former lipid exhibited a molecular ion peak at m/z 696.4 ( Fig 3B) Fig. 3 shows that this enzyme is able to utilize the DMQ8 provided by E. coli.
A proposed structure of Coq7-The high degree of structural conservation between the diiron carboxylate proteins for which an X-ray crystallographic structure has been solved allows one to model even weakly homologous di-iron proteins with a reasonable level of confidence. Each of the known structures contains a four-helix bundle with particularly long α-helices that are thought to stabilize the apoprotein prior to iron chelation. Six amino acids contribute to binding the di-iron center, with a glutamate located on the first and third helix,
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and an EXXH motif located on the second and fourth helix. The spacing of these residues in Coq7 from P. aeruginosa is E < 29 > EXXH < 48 > E < 31 > EXXH (where the numbers in brackets indicate the intervening number of amino acids), which is consistent with a typical four-helix bundle di-iron binding motif (27) .
A BLAST search of databases using the Coq7 sequence does not retrieve any of the other di-iron carboxylate proteins, as the sequence identity is much too low. However, manual alignment of sequences using the iron ligands as guides shows Coq7 to be most related to bacterioferritin, followed by ruberythrin, AOX and PTOX (in no readily-definable order). Although the function of bacterioferritin is not certain, its structure has been determined (19) . We have modeled P. aeruginosa Coq7 on this structure using an alignment of Coq7 with the E.coli bacterioferritin and a probable bacterioferritin from P. aeruginosa that shows some homology to both proteins. In the resulting structural model (Fig. 4) , 14 of the 15 completely conserved residues in Coq7 cluster in a region surrounding the active site.
The insertions in the S. cerevisiae Coq7 sequence (Fig. 2) fall in the loop regions of the model, as would be expected for conservation of the structure of the four-helix bundle.
Coq7 has been shown to be an integral membrane protein in the mitochondrial inner membrane (28) , and, as expected, in our expression of the two bacterial enzymes the protein is associated with the membrane fraction (data not shown). Hydropathy plots have identified a region between helix 2 and 3 that is consistently hydrophobic through Coq7 sequences, and previously it has been suggested that this region forms a transmembrane helix (28).
However, our structural model precludes this possibility, because two helices of the fourhelix bundle (and their associated iron ligands) would fall on the opposite side of the membrane. Instead, we propose that Coq7 associates with the membrane as an interfacial integral membrane protein, similar to prostaglandin synthase (29) and squalene cyclase (30) .
In these proteins a "plateau" of hydrophobic residues interacts with one leaflet of the (Fig. 4B) . This mode of membrane-binding has also been proposed in the di-iron carboxylate proteins AOX and PTOX (22, 27) .
The active site of the Coq7 model shows a typical di-iron center, with each Fe atom chelated by one histidine and one terminal carboxylate ligand (Fig 4C) . Two glutamates, Two point mutations have been identified in COQ7 that inhibit UQ biosynthesis in their respective organisms. The point mutation E158K in C. elegans corresponds to E178 in P. aeruginosa (6) . This Glu is completely conserved and serves to bridge the two iron atoms of the di-iron center. E178 is essential for the formation of a stable di-iron site and it would be expected that changing this position to a positively charged amino acid would disrupt the di-iron site and abolish activity. The S. cerevisiae mutation G104D corresponds to position C66 in the P. aeruginosa sequence (4). C66 is located between the iron ligand E64 and the completely conserved A67 in what we believe to be the DMQ-binding pocket. It is not surprising that introducing a larger and negatively charged amino acid in this sensitive area of the protein would affect the activity.
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The similar coordination environment of Coq7 and the other di-iron containing oxidases/hydroxylases suggests that there will be mechanistic similarities in oxygen activation and substrate transformation. In the best-studied di-iron proteins, RNR and MMO, the reaction cycle has been characterized in detail and has been shown to involve high valent iron intermediates. The exact geometry of O 2 activation in these proteins is still an issue of debate, but in the most probable mechanisms, one oxygen atom of the lysed O 2 molecule ends up as an oxygen adduct bridging the two iron atoms (21, 32) . A reaction path involving a ferryl oxo species as the hydroxylating unit, as has been suggested for MMO, is an attractive scenario for Coq7. However, whereas MMO is unique in being able to activate primary hydrogen carbon bonds, the aromatic quinol substrate of Coq7 would be significantly easier to activate. Therefore, it cannot be excluded that a less reactive reaction intermediate (e.g. a peroxo species) catalyses the initial substrate activation and oxygen insertion step in Coq7.
We have established that Coq7/clk-1 functions as a hydroxylase in the biosynthesis of ubiquinone and have identified it as a di-iron carboxylate protein. In the future, the determination of a high-resolution structure of the enzyme and detection of catalytic intermediates will help to resolve the structure-function relationship of Coq7 and its mechanistic relationship to other di-iron proteins. 
